INTRODUCTION
Lead toxicosis in waterfowl is most frequently caused by ingestion of spent shotgun pellets and lead fishing weights in aquatic habitats (O'Halloran et al. 1989 , Wilson et al. 1998 , Anderson et al. 2000 . Such artifacts are picked up from the substrate during foraging or as grit to aid in the mechanical breakdown of food in the gizzard. Breakdown of ingested lead artifacts facilitates absorption of lead into the blood stream resulting in lead toxicosis (O'Halloran et al. 1989 , Havera et al. 1992 . In addition to mortality, sub-lethal consequences of lead poisoning include impaired body condition and altered behaviour which can compromise survival and reproductive success (Hohman et al. 1990 , Havera et al. 1992 , Blus 1994 , Mateo et al. 1997 .
Lead toxicosis has been a common mortality factor in waterfowl (Longcore et al. 1982 , Sears 1988 , Schwab & Daury 1989 , especially swans (Birkhead & Perrins 1986 , Wilson et al. 1998 , O'Halloran et al. 2002 . Lead poisoning has been reported in Mute Swans Cygnus olor, Black Swans C. atratus, Whooper Swans C. cygnus, Bewick's Swans C. columbianus, and Tundra Swans C. columbianus (Wilson et al. 1998) . Swans may be particularly prone to lead ingestion as their long necks and bills enable them to forage deep in wetland substrates, thereby accessing recently deposited lead, as well as older sources of lead (Wilson et al. 1998) . Swans also ingest sediment while eating aquatic plant tubers, further increasing their likelihood of ingesting shot and fishing tackle (Blus 1994) .
Concern over lead poisoning in waterfowl resulted in a ban on use of lead shot for waterfowl hunting in the United States (U.S.) and Canada in 1991 and 1999, respectively. Lead sinkers weighing less than 50 grams were also prohibited in Canadian national parks and national wildlife areas in 1997 (Canadian Wildlife Service 1997). Although artifact ingestion frequencies have been studied in swans in Europe (Sears 1988 , O'Halloran et al. 1989 , O'Halloran et al. 1991 , Sears & Hunt 1991 , Brown et al. 1992 , and in ducks in North America (Longcore et al. 1982 , Hohman et al. 1990 , Daury et al. 1994 , Tsuji et al. 1998 , Anderson et al. 2000 , Franson et al. 2003 , limited research has been conducted in Canada since the 1999 lead shot ban (but see Demendi & Petrie 2006) , and no studies have been preformed on swans on the lower Great Lakes (LGL).
Lead poisoning has been well documented in Mute Swans in their native Eurasian range (Hardman & Cooper 1980 , Sears 1988 , O'Halloran et al. 1989 , Sears & Hunt 1991 , O'Halloran et al. 2002 . Before the ban on use of lead fishing weights in Britain in 1987, 50-60% of Mute Swans found dead or sick were diagnosed as lead poisoned (Sears 1989) . Following the ban, lead poisoning in the same areas dropped considerably as only 16% of birds found dead or sick had elevated blood lead levels (Sears 1989) . However, recent studies in the UK indicate Mute Swans continue to consume large quantities of fishing tackle and that some birds still have elevated blood lead levels (Kelly & Kelly 2004) . The Mute Swan is an exotic species in Canada and its populations have been expanding rapidly on the LGL since the 1980's (Petrie & Francis 2003) . Because Mute Swans are a resident species on the LGL and do not feed in fields (Beyer et al. 1998) , all artifacts they consume must originate from LGL aquatic habitats. Therefore, Mute Swans are an excellent sentinel species for studying the present availability of lead artifacts in aquatic habitats on the LGL.
Lead poisoning was identified in wintering populations of Tundra Swans before the ban on use of lead shot (Bartonek et al. 1991) . Also, despite the switch from lead shot to non-toxic shot (e.g. steel, bismuth, and tungsten), large numbers of Trumpeter Swans continue to succumb to lead toxicosis in British Columbia, Canada (Wilson et al. 1998, Ruth Shea, personal communication) . Because Tundra Swans have somewhat similar foraging behaviour to Trumpeter Swans, they could also continue to consume large quantities of lead shot (or other artifacts) despite the lead shot ban (Grant et al. 1997 , Petrie et al. 2002 , Badzinski 2003 . The LGL is the first major staging area in spring and last one in fall for a large portion of the Eastern Population of Tundra Swans (Petrie & Wilcox 2003) . Despite the importance of staging grounds for Tundra Swans (Petrie et al. 2002 , Badzinski 2003 ) and the high recreational hunting and fishing activity in these areas (Knapton et al. 2000) , it is not known if Tundra Swans consume large quantities of toxic artifacts.
Previous studies pertaining to artifact ingestion in swans have been based on the collection of dead, moribund and entangled birds (Irwin 1975 , Birkhead 1982 , Bartonek et al. 1991 , O'Halloran et al. 1991 , Brown et al. 1992 , Kelly & Kelly 2004 .
In this study, we collected seemingly healthy birds to identify the incidence (% of individuals) of toxic and non-toxic shot and tackle ingestion by Tundra and Mute Swans on the LGL. We predicted that, despite the lead shot ban in 1999, individuals of both species would continue to ingest toxic shot due to their ability to forage deep in wetland substrates. We also predicted that incidence of fishing tackle ingestion in Mute Swans would be highest during summer when sport fishing is prominent.
STUDY AREA
Long Point and Lake St. Clair support two of the largest populations of Mute Swans on the Canadian side of the LGL (Petrie and Francis 2003) and also provide important spring and fall staging habitat for Eastern Population Tundra Swans (Petrie et al. 2002 , Petrie & Wilcox 2003 . Mute Swans were collected on wetlands associated with Long Point, Lake Erie and Lake St. Clair/ Detroit River from March 2001 until December 2003 ( Fig. 1) . Tundra Swans were collected in agricultural fields and wetlands associated with Long Point during spring and fall, 1999-2001. Long Point is a 35 km sandspit that extends into the eastern basin of Lake Erie and encompasses 24 000 ha of marsh habitat (Petrie 1998) . Long Point's wetlands provide staging habitat for hundreds of thousands of migratory waterfowl, and have the highest waterfowl use of all coastal wetlands on the LGL (Petrie 1998) . Lake St. Clair and its surrounding area contain 18 880 ha of wetlands, and is also considered to be a very important staging area for waterfowl (Dennis et al. 1984) . Long Point and Lake St. Clair are both used extensively by waterfowl hunters and sport fishermen.
METHODS
As part of two separate nutrient reserve dynamic studies, Tundra Swans (n = 77) and Mute swans (n = 243) were collected by shotgun and rifle at various sites (see study area) during daylight hours. Collected birds were tagged for identification and frozen upon return to the laboratory. After thawing, the sex of each bird was determined by internal examination of ovaries/testes. Age was determined by plumage characteristics and the presence/absence of a bursa. Gizzard contents were removed and thoroughly washed with water to remove ingesta. Grit was then manually examined using tweezers to identify any artifacts present in each sample. Steel was differentiated from lead using a magnet, and verification of lead was determined by making indentations in pellets/sinkers using a scalpel (Tsuji et al. 1998) . All other shot (non-malleable and non-magnetic) was considered to be non-toxic (e.g. Bismuth, Tungsten). Manual examination of gizzards can underestimate incidence of artifacts by 20-25% (Anderson & Havera 1985) . Therefore, all samples were manually examined a second time by a different observer using the same technique described above. Deformed pellets and those that were encased in feathers (indication they were shot in and not ingested) were not included in the analysis (Anderson & Havera 1985) . Due to the possible confounding effects of differences in collection location (Lake Erie vs. Lake St. Clair), season (Tundra Swans could only be collected in spring and fall), time (Tundra Swans were collected in 1999-2001, Mute Swans were collected in [2001] [2002] [2003] , and site (aquatic vs. agricultural fields), as well as the fact that our Tundra Swans sample size was small (n = 77), we decided not to perform interspecific statistical comparisons. Likelihood ratio tests were used to test for differences in relative ratios of toxic vs. non-toxic artifact ingestion between sexes, ages, and seasons for Mute Swans; Tundra Swan ingestion rates were too low to perform toxic vs. nontoxic comparison. Season, sex, and age-related differences in total (toxic and non-toxic combined) Mute and Tundra Swan artifact ingestion were evaluated using Fisher's exact tests.
RESULTS AND DISCUSSION

Mute Swan artifact ingestion
Mute Swans collected at Long Point, Lake Erie had a similar frequency of artifact ingestion to those collected in the Lake St. Clair/Detroit River region (G = 2.341, P = 0.126) so birds from the two sites were combined for subsequent analyses. Adult male (23.9% of 109 birds) and female (21.3% of 89) Mute Swans had similar artifact ingestion frequencies (G = 0.056, P = 0.813), which is likely due to the fact that they have similar feeding habits (Bailey 2003) . Adult Mute Swans (22.7% of 198) had a higher incidence of artifact ingestion than cygnets (8.9% of 45) (G = 4.763, P = 0.029), likely due to the fact that many of the collected cygnets were very young and therefore may have been less capable of reaching artifacts (i.e. structurally smaller). Also, Mute Swan cygnets consume primarily the leaves of Elodea canadensis and Potamogeton spp. from the water column, whereas adults consume higher quantities of rhizomes and tubers from the substrate where artifacts are more readily available (Bailey 2003) .
Although there were no significant seasonal differences in Mute Swan artifact ingestion frequencies (P > 0.05 for all comparisons), birds collected during the breeding period (Apr-Jun) did appear to have the highest frequencies (Table 1) . Before the ban on lead fishing weights in the UK, Mute Swan artifact ingestion was highest in summer, a period which corresponded with the fishing season (Sears 1988) . Following the ban on lead weights in the UK, rates of artifact ingestion were consistent throughout the annual cycle (Sears 1989) . Because shot was the predominant artifact ingested by Mute Swans in this study, seasonal variation is most likely due hyperphagia during the breeding season (Ciaranca et al. 1997 ). There were no significant seasonal differences in cygnet artifact ingestion (G = 2.22, P = 0.136); however, evidence does suggest that cygnets have a higher frequency of ingestion later in the year (16.7%, Nov-Mar) than earlier in the year (7.4%, Jul-Oct) ( Table 2) . This is likely due to the fact that cygnets approach adult structural size in late fall (Ciaranca et al. 1997) , and their dietary intake is probably similar to adults at that time, thereby increasing their susceptibility to artifact ingestion.
A study done on Lesser Aythya affinis and Greater Scaup A. marila on the LGL showed a much lower post-ban artifact ingestion frequency (3% of 869 birds; Demendi and Petrie 2006) than we found in Mute Swans (20%). These ingestion frequency differences are likely due to the fact that; (1) Mute Swans are structurally much larger than Scaup, enabling them to forage deep in the substrate where artifacts tend to settle, (2) swans tend to consume substrate while selecting macrophyte tubers which may increase artifact ingestion rates, (3) Scaup primarily consume bivalves which might reduce their requirement for grit, thereby reducing their likelihood of consuming artifacts, and (4) Mute Swans tend to forage in nearshore areas where waterfowl hunters and fishermen also tend to congregate. Therefore, although Mute Swans are a good sentinel species for artifact availability in aquatic habitats on the LGL, their frequency of artifact ingestion is not necessarily indicative of what duck species consume. It has been suggested that Mute Swans have a high frequency of artifact ingestion (Wilson et al. 1998) , but previous studies have been based on the collection of dead and moribund birds. Our results (22.7% of seemingly healthy adults) confirm that Mute Swans are in fact prone to artifact ingestion as they had one of the highest ingestion frequencies ever reported for waterfowl (Bellrose 1959 , Havera et al. 1992 .
Mute Swans had a higher frequency of nontoxic shot (13.9% of 243 birds) than both lead shot (6.2%) (G = 7.56, P = 0.006) and other artifacts (1.6%, primarily fishing tackle) (G = 21.63, P < 0.001); toxic shot was more prevalent than other artifacts (G = 3.98, P = 0.046). Therefore, non-toxic shot was the more prevalent artifact consumed by Mute Swans shortly after the lead shot ban. Although individual Mute Swans contained a limited number of artifacts (mean 5, range 1-102, mode 1) (Fig. 2) , it has been suggested that swans Cygnus spp. have an inherent sensitivity to lead and that it takes a limited number of toxic artifacts to cause health-related problems and death (Birkhead & Perrins 1986 , Wilson et al. 1998 . High overall frequency of artifact ingestion by adults and juveniles (Tables 1 and 2) suggests that lead toxicosis may have been a significant mortality factor for Mute Swans on the LGL before the ban. The rate of Mute Swan population increase on the LGL has accelerated since the early 1990s, when the U.S. lead shot ban came into effect (Petrie & Francis 2003) , suggesting a possible reduction in lead toxicosis mortality. Similarly, the banning of lead shot and lead fishing weights between 0.06 and 28.36 g in the UK probably led to a reduction in lead toxicosis (Owen 1992) and to an increase in Mute Swan numbers (Delany et al. 1992 , Kirby et al. 1994 . Because adherence to toxic shot regulations appears to be high on the LGL (Demendi & Petrie 2006) , the frequency of lead shot ingestion will likely continue to decrease over time as previously deposited lead continues to settle into the substrate and becomes inaccessible to foraging waterfowl.
In the UK, Mute Swans are often injured or killed through the ingestion of, or entanglement with, fishing line, hooks and/or sinkers (Birkhead 1982 , Kelly & Kelly 2004 tained a lead sinker. Therefore, consumption or entanglement with fishing tackle does not appear to be an important mortality factor for Mute Swans on the LGL. We suggest that low incidence of tackle consumption or entanglement on the LGL can be attributed to a lower density of anglers relative to the UK (there are over 3 million anglers in England and Wales alone, Kelly & Kelly 2004 ).
Tundra Swan artifact ingestion
Only 5 of 77 Tundra Swans collected contained artifacts and all birds that contained items had 2 artifacts or fewer (Fig. 2) ; 3 (3.9%) contained non-toxic shot, 2 (2.6%) contained toxic shot and no birds contained fishing tackle (Table 3) . Low Tundra Swan artifact ingestion relative to Mute Swans can likely be attributed to the fact that Tundra Swans have short residence times on the LGL and they tend to forage in agricultural fields (Petrie et al. 2002) . Limited evidence suggests that male Tundra Swans (9.1% of 44) may have higher ingestion rates than females (3.0% of 33) (G = 1.241, P = 0.265), and unlike Mute Swans, adult Tundra Swans (6.9% of 58) had similar artifact ingestion rates to cygnets (5.3% of 19) (G = 0.066, P = 0.798). Similar age-related ingestion frequencies can likely be attributed to the fact that cygnet Tundra Swans were collected during spring and fall migration and therefore, were already close to adult size and likely consumed similar foods.
Conclusions
A unique feature of this study is that we collected seemingly healthy birds for analysis and did not rely on dead or moribund birds as has been the case in other swan artifact ingestion studies. Mute Swans collected in this study had one of the highest overall frequencies of artifact ingestion ever reported for a waterfowl species. Given the high present-day incidence of shot ingestion, lead toxicosis was likely a significant mortality factor for Mute Swans before the lead shot ban. Although lead shot is still ingested by Mute Swans (6% of birds contained lead), it does not appear to be affecting population growth and will most likely Table 3 . Percentage of adult and cygnet Tundra Swans containing non-toxic shot, toxic shot and other artifacts during spring and fall migration through the lower Great Lakes, 1999 Lakes, -2001 continue to decline as previously deposited lead shot becomes inaccessible to foraging swans. Tundra Swans had a relatively low overall incidence of artifact ingestion (6.5%) and lead consumption does not appear to be a problem for Tundra Swans on the LGL since only 2.6% of birds contained toxic artifacts. As only 1.6% of Mute Swans and no Tundra Swans contained any form of fishing tackle, angling related injuries and mortalities are likely lower than has been reported for swans in Europe.
